Abstract. Nest predation is high in mangals (mangrove communities) of the Australian monsoon tropics. The Large-billed Gerygone Gerygone magnirostris and Mangrove Gerygone G. levigaster are warbler-like birds that build domed nests, which are very di#erent from each other in size, form and colour. Large-billed Gerygone forages and builds nests along tidal creeks where vegetation is tall and dense, whereas Mangrove Gerygone primarily nests in shrubs around the edges of bare salt flats and forages in both habitats. Using artificial nests that mimicked those of the two species, we tested whether di#erences in nest appearance, including form and colour, were adaptations to avoid nest predation. Artificial Mangrove Gerygone nests in their main nesting habitat were predated less frequently than those on tidal creeks, whereas predation rates on artificial Large-billed Gerygone nests did not di#er between habitats. Our results suggest that Mangrove Gerygone nests are built in the primary breeding habitat to avoid nest predators. In addition, we identified a nest predator, the Yellow Oriole Oriolus flavocinctus.
Introduction
As the main cause of avian reproductive failure (Ricklefs 1969 , Martin 1988 , 1992 , Sherry & Holmes 1992 , Newton 1998 , nest predation is a strong agent of natural selection among birds. To reduce nest predation rates, many bird species have evolved nests that are well camouflagedin the habitats in which they are placed or concealed (Collias & Collias 1984) . Nest predation rates are generally lower for more-concealed nests because of reduced visibility or auditory cues to predators (Martin & Roper 1988 , Martin 1992 , 1993 , but see Burhans & Thompson 1998) Nest morphology is known to vary markedly among even closely-related species. Martin (1998) showed that seven species of coexisting ground or shrub-nesting birds living in high elevation forests in Arizona had di#erent microhabitat preferences, and that the nest success of each species was higher in preferred than in non-preferred microhabitats, indicating that preferences were adaptive. Increased predation on nests in non-preferred sites may be due to mismatching of plumage colours or behaviours near nests or to poor physiological adaptation to non-preferred sites; these mismatches may lead to greater activity near nests, which could increase the likelihood of attracting predators (Martin 1998) . It is also conceivable that the size, form and colour of nests are adaptively matched to the preferred nesting habitats of each species.
We investigated the e#ect of nesting habitat and nest characteristics on nest predation rates using two Australasian warblers: the Large-billed Gerygone Gerygone magnirostris (hereafter called LG) and the Mangrove Gerygone G. levigaster (hereafter called MG). These two species are very closely related and morphologically similar; they invariably co-occur in tropical mangals (mangrove communities). Although both species build domed nests, they prefer di#erent habitats within mangals, and their nests di#er in size, form, and colour (Mulyani 2004) .
LG nests are built along tidal creeks in mangrove forests (McGill 1970) , whereas MG nests are built on open salt flats (Noske 2001 ). Nest predation rates are typically higher in tropical lowlands than in the north temperate region (reviewed in Stutchbury & Morton 2001) , and mangals in the Australian monsoon tropics experience higher nest predation rates than do other habitat types in the region (Noske et al. 2008) .
In this study we investigated whether each species had evolved unique nest characteristics to reduce nest predation in their respective habitats. We predicted that artificial nests placed in the main breeding habitats of each Gerygone species would experience lower predation than those placed in non-preferred habitats. We also attempted to identify nest predators by using video cameras and predation marks (beak and/or tooth marks) on plasticine eggs placed in the nests. We compared predation patterns and predator species between habitats.
Methods
Study period, site, and study species
The study was conducted in the upper reaches of Ludmilla Creek (12ῌ23῍S, 130ῌ51῍ E), Darwin, Australia, from 28 October 2006 to 27 November 2006. This period corresponded to the end of the second pulse of the breeding season of both Gerygone species (Noske 2001 , Mulyani 2004 ). The study site was a largely undisturbed mangal containing two main habitats: salt flats and tidal creek forests (Fig. 1a & b) . Salt flats are largely devoid of vegetation because of the combination of low soil moisture and high salt content (Semenuik 1985) , but are typically fringed by low shrubs of the highly salttolerant grey mangrove Avicennia marina. In contrast, tall grey mangroves and stilt-root mangroves Rhizophora stylosa dominate tidal creeks, where the Large-billed Gerygone nests. Spurred mangroves Ceriops australis occur in zones between salt flats and tidal creek forests.
Gerygones represent the largest genus of Australasian warblers of the family Acanthizidae (Christidis & Boles 2008) . The genus Gerygone comprises 19 or 20 species and is the only one in its family that ranges beyond Australia, New Zealand, and New Guinea. Four species of gerygones live in the monsoon tropics of the Northern Territory, Australia, and two of them (LG and MG) coexist year-round in the mangals of the region (Noske 1996) . Although the two species co-occur in our study area, they prefer di#erent habitats for foraging and nesting (Noske 1996 (Noske , 2001 .
LG prefers tidal creeks, which are inundated by tides once or twice every day and are typically dominated by tall Stilt-root Mangroves, where it forages in most of the available tree species (Noske 1996) . This gerygone species builds very large pendulous domed nests (vertical length: 47.3ῌ13.8 cm (meanῌSD, n῍51); Mulyani 2004), typically over water, such as along tidal creeks or water bodies within rainforest (Le Souef 1903 , Campbell & Barnard 1917 , McGill 1970 , Beruldsen 1980 , Noske 2001 . Its nest is made of bark and long dry grasses, generally having a dark brown colour, and is often been likened to flood debris (McGill 1970 , Beruldsen 1980 . In contrast, MG forages almost exclusively in Grey Mangroves (Noske 1996) , which dominate salt flat edges, but in our study area, also form the tall canopy along tidal creeks. MG usually builds its compact domed nest in shrubs around the edges of salt flats that are only inundated a few times each month, on high spring tides (Noske 2001) . The nest of MG is significantly smaller than that of LG (19.1 ῌ4.6 cm (meanῌSD, n῍38), Mulyani 2004 ) and it has a whitish appearance (Fig. 2a &  b) .
Experimental design
To examine the influence of nest predation rates on nesting habitat and nest appearance, we set and monitored artificial nests ( Fig. 2c & d ) in three habitats: tidal creek forests, salt flats, and intervening low forests (hereafter referred to as the "middle zone"). The last was used to assess edge e#ects, as predation risk is known to increase along the edges of habitats or in transition zones between them (see review by Bata ◊ry & Ba ◊ldi 2004). Assessment of edge e#ects was performed for artificial Mangrove Gerygone nests only (hereafter called AMG nests; see below for nest design). Twenty short transects were established, spaced at intervals of at least 30 m and running more or less perpendicularly from the tidal creek (Ludmilla Creek) to five separate salt flat openings. We placed artificial Large-billed Gerygone nests (ALG nests; see below for nest design) along ten of the transects, which alternated with transects on which we placed AMG nests. Each ALG nest transect contained two nests that were placed 50ῌ70 m apart, one near the tidal creek forest and the other near the salt flat; each AMG nest transect included three nests, thereby sampling all three habitats. Thus, there were ten nests in each sampled habitat for each species, for a total of 20 ALG nests and 30 AMG nests. We chose nest positions where the illumination was similar to natural nesting sites. AMG nests were set approximately 100 cm from the ground, as MG build nests at 102.1ῌ17.7 cm (mean ῌ SD, n῍ 7) above ground (N. Sato, unpublished data). ALG nests were set about 150 cm above the ground, as LG build nests at 154.0ῌ29.4 cm (meanῌSD, n῍14) (N. Sato, unpublished data). At the start of each experimental trial, three artificial eggs were placed in each nest.
Artificial nests were set for the entire study period and monitored for predation events at 10 separate times during the 30 days. We identified predation events on nests when all (three) eggs had disappeared, or when one or more eggs showed beak or tooth marks. If unmarked eggs had fallen to the ground, we assumed that the fall had been caused by wind, and we placed new eggs in the nest. We recorded occurrences of nest predation, marks from predators and habitat parameters (see below). We also compared predation rates on our artificial nests with rates on natural nests using data in Mulyani (2004) . 
Experimental nests and eggs and nest-site measurements
The cores of our artificial nests were constructed from multiple layers of tissue paper, which were then covered with either dry grasses (ALG) or cotton (AMG), giving the nests a brown or white coloration, respectively. The nests had an entrance hole with a diameter of 3ῌ4 cm. The experimental eggs were made of plasticine and were similar to real eggs of both species, i.e., about 2 cm long and pale pinkish white in colour.
To determine the role of nest site in influencing nest predation rates, we measured (1) the heights of the nests above ground level (cm) and (2) illumination (lx) around the nests, using a light meter (Mobiken Illuminance Meter LX2, SANWA).
Predator identification
Nest predators were identified from the marks they left on the plasticine eggs, which were categorized as tooth marks, beak marks, or others. We also conducted a second experiment in a Stilt-root mangrove-dominated forest at Nightcli# (12῍23῎S, 130῍50῎E), 3 km from the main study site at Ludmilla. Four ALG nests were set in the forest from 5 September to 28 September 2006 using the same methods as in the main experiment, but video cameras were also employed to identify nest predators. A CCD camera (T-PI-1131 CI TSUKAMOTO and AVC524L SONY) was installed on a tree ῌ1 m from each artificial nest and connected to a recording digital video unit (FVM300 Canon). The recording unit was housed in a plastic case and placed over 5 m from a target nest. At one nest, we also used a normal video recorder (FVM300 Canon) (total recording time 18 h), set ῌ2 m from the nest. In addition, CCD cameras and video-recorders were set up at two active nests of LG in the same area, one during the nest-building stage and the other with a nest containing freshly laid eggs. The artificial nests were positioned more than 10 m from any natural nest. Video recording was performed between 04 : 30 and 18 : 00 hrs from 14 to 28 September 2006.
Statistical Methods
Statistical analyses were performed using R version 2.6.2 (The R Foundation for Statistical Computing). We used the randomization test to compare predation rates of artificial nests and natural nests in both gerygones. To compare nest predation rates between the two gerygone species, we used a generalized linear model (GLM) with a beta-binomial distribution and logit link. The response variable was the outcome of nesting attempts, and the explanatory variable was species. Predation data from the middle zone was eliminated from the analysis because this habitat was not used for ALG nests.
To determine whether the degree of predation di#ered among habitats, we used GLM with binomial errors and logit link. The response variable was the final outcome of the nest (depredated or not), and the explanatory variables were habitat, transect, and nest height. The illumination of each nest was not included in the experimental term because the light values were highly correlated with habitat (see results).
We conducted model selection on the basis of Akaike's information criteria (AIC). Model comparisons were based on DAIC, which is the di#erence between the AIC for each model and the lowest observed AIC value. Models with AIC values di#ering by less than 2 were considered equivalent. Akaike weights (AICw) were used to indicate the relative weight of evidence for each model. Parameter estimates were obtained by a maximum likelihood method with a Wald test. To compare the light environments in each habitat, we used ANOVA and post hoc multiple comparison tests with Holm's method for sequential Bonferroni correction (Holm 1979) .
To compare predation patterns by each predator species between habitats, we used a randomization test. In the test, we compared observations of salt flats and tidal creeks.
Results

Predation on artificial nests
Of the 20 ALG nests, seven (35%) were depredated, including three on the tidal creek (30%, n῍10) and four on the salt flats (40%, n῍10). Of 30 AMG nests, 15 (50%) were depredated including seven on the tidal creek (70%, n῍10), two on the salt flats (20%, n῍10), and six in the middle zone (60%, n῍10) (Fig. 3) . Predation rates were not significantly di#erent between ALG nests and AMG nests (df῍37, z῍0.65, P῍0.52, n῍ 40). The predation rate of ALG nests was lower (randomization test, 10,000 iterations, P ῍0.04) than that of natural LG nests (56.8%, n῍183, Mulyani 2004), whereas the predation rate of AMG nests did not di#er significantly (randomization test, 10,000 iterations, P ῍ 0.61) from that of natural MG nests (49.3%, n῍138, Mulyani 2004) .
The main predator during the experiment (at Ludmilla) was determined to be an avian predator species because many beak marks were found in ALG and AMG nests. Of the predated ALG nests, plasticine eggs in seven nests (85.7%) had beak marks. Eight (53.3%) of the predated AMG nests were identified as having been predated by avian predators.
E#ect of nesting habitat on predation
The mean heights of ALG and AMG nests were 173.1 ῌ 13.7 cm (meanῌSD, n῍ 20) and 133.5ῌ14.5 cm (meanῌSD, n῍30), respectively. Light conditions in nesting locations di#ered among habitats; nests on salt flats were significantly more illuminated than those in either of the other habitats, and those in the middle zone were more illuminated than those in the tidal creek forest ( Table 1) . The model with the lowest AIC (best model) suggested that the predation rate on AMG was a#ected by habitat (Table 2a) . Although rank 2 and 3 models for AMG nest predation were included, the AIC value was less than 2 DAIC; both of the DAIC values were very close to 2 due to the small sample size. AMG nests that were located on salt flats experienced less predation than those located in the other two habitats (Table 2b , Fig. 3 ). There was no evidence of an edge or transition e#ect; the predation rate in the middle zone did not di#er from that in the tidal creek forest (Table 2b , Fig. 3) .
In contrast, predation of ALG nests was not explained by the explanatory variables in the best model (Table 2a) . Rank 2 and 3 models for ALG nest predation were included, although the AIC value was less than 2 DAIC, and DAIC of the rank 3 model (habitat was included as an explanatory variable in this model) was close to 2 (Table 2a) .
Predators
We observed one predation event at an ALG nest at 13:00 hrs on 28 September, which involved a Yellow Oriole Oriolus flavocinctus attacking the three plasticine eggs (Fig. 4a) . Some plasticine eggs in other artificial nests in Ludmilla and Nightcli# showed similar beak marks (Fig. 4b & c) . Of the 22 depredated nests, 14 (64%) showed beak marks on the plasticine eggs (Fig. 4b & c) and five (23%) had tooth marks, but the remaining marks were unidentifiable. We found mammal faeces in the nests that had tooth marks.
There was a di#erence in predation pressure by avian predators between the habitats for AMG nests (randomization test, 10,000 iterations, P῍0.0006). Avian predators did not cause any of the predation on AMG nests in the salt flat. In contrast, in all habitats, avian predators predated ALG nests. We could not compare the predation pattern of tooth marks statistically because tooth marks were few in number in each category.
Discussion
AMG nests on salt flats were depredated less often than those in the tidal creek forest and the middle zone. These results suggest that nesting on salt flats, the main nesting habitat of MG (Noske 2001 , Mulyani 2004 , diminishes the risk of nest predation. The whitish coloration of AMG and MG nests seemed to match the background colour of this habitat, which is dominated by the Grey mangrove, which possesses leaves that are whitish and shiny green on the lower and upper surfaces, respectively. The latter surface strongly reflects sunlight in this well-illuminated environment. Therefore, it may be di$cult for nest predators to find MG nests in this habitat. Conversely, AMG nests in the mangrove forest (tidal creek and middle zone) may have been conspicuous to nest predators because their whitish coloration contrasted with the dark interior of these forests. The form and colour of MG nests therefore appears to be adaptive in the salt flat environment. These results support the contention that habitat type and nest concealment influence nest predation rates (e.g., Collias & Collias 1984 , Martin 1993 , 1998 , Götmark et al. 1995 , Lambert & Kleindorfer 2006 , Khoury et al. 2009 ). Salt flats may represent a relatively safe breeding haven for many birds. Mulyani (2004) found that domed artificial nests on salt flats su#ered less predation than did those on tidal creeks, providing a possible explanation for the popularity of salt flats for nesting birds of several species (Noske 2003) . However, our ALG results indicate that salt flats are not safer for LG (see below). We believe that the lower predation rate of AMG on salt flats is related to the ecology and hunting behaviours of avian nest predators, which caused almost two-thirds (64%) of the predation events in our artificial nests. We identified the Black Butcherbird Cracticus guoyi as a predator of LG nests (Ueda & Tokue personal observation) and the Yellow Oriole as a predator of ALG. This confirms observations by Mulyani (2004) who watched a Black Butcherbird rip open a LG nest and consume the eggs on the ground; using an infra-red camera trap, Mulyani also photographed an Olive-backed Oriole Oriolus sagittatus perched on an artificial nest. These species live in mangrove forests and visit salt flats only occasionally (Sato, Ueda & Tokue personal observation). There were no other avian nest predators at the site; therefore, we consider that these species were the main nest predators of MG and LG. Our results showed no predation from avian predators on AMG nests in the salt flats (Fig. 3) . We think this is supported by the behaviours of these predatory birds. Avian predators may not find MG nests in salt flats and may not visit there.
Some of our plasticine eggs showed evidence of mammalian tooth marks, and we found faeces in some nests. Mulyani (2004) also found mammalian tooth marks in 35% of nests examined (nῌ314) and tentatively identified the marks as belonging to the carnivorous Northern Quoll Dasyurus hallacutus, the herbivorous Northern Brushtail Possum Trichosurus arnhemensis, and several omnivorous rodent species, including Rattus spp. Tree snakes and monitor lizards may also be predators of bird nests in mangrove communities (Noske 2001) , although, given that snakes and monitors are more active during the wet season than during the dry season (see references in Mulyani 2004), they should have had little e#ect on our results.
Our experiment failed to detect a significant e#ect of nesting habitat on the predation rate of ALG nests. One possible explanation for this is that the sample size was not su$cient in this experiment. Another possible explanation is that LG has evolved other behaviours to reduce nest predation. Some birds build multiple nests in the same tree, many of which are left empty to confuse or deceive predators (Collias & Collias 1984) .
LG, at least in mangals in the Darwin region, has a propensity to build new nests close to old nests, thereby forming a loose cluster of two to four nests. Mulyani (2004) showed that nests that were situated close to other nests were more successful than solitary nests. Such clusters may conceivably be a strategy to confuse nest predators. If this strategy is a primary anti-predator strategy, it could explain the large size and conspicuousness of LG nests, which are not concealed in vegetation.
Some investigators consider that marks on artificial eggs are unreliable indicators of nest predator identity (Major 1991; Major et al. 1994 , Brown et al. 1998 , Fulton & Ford 2003 , but in our study, predator markings on artificial eggs were consistent with our observations of actual nest predation. Nest predation experiments using real or artificial eggs may change (elevate or decrease) nest predation rates because the di#ering odours of the eggs may attract or discourage predation by small mammals (e.g., Rangen et al. 2000) . Conversely, plasticine eggs might not be useful for assessing many reptilian predators, because these predators use smell and infrared radiation from the body heat of eggs and incubating birds to hunt, and plasticine eggs lack both. Predation rates of ALG and AMG nests were not higher than those of natural nests observed at the same study site, but we do not have su$cient evidence to discuss predator (dis) attraction during the artificial nest experiment.
The next problem is avian recognition and colour vision with regard to artificial nests. It is well known that avian vision di#ers from human vision (Bennett et al. 1994) . Therefore, it is di$cult to determine if artificial nests will be perceived as real nests. Some studies recommend using real nests during experiments examining predation risk (e.g., Schiegg et al. 2007 , Weidinger & Kočvara 2010 . We believe the problem did not arise with our ALG nests, because we used the same materials when building our artificial nests that are used to build real nests, for example, grasses. However, the problem may have occurred with our AMG nests, as the nests were made with non-typical materials. We believe our AMG nests resembled MG nests because predation on AMG nests was similar to real nests (Figs. 1 & 2) .
Another potentially serious challenge with artificial nest studies is that individual predators may learn the pattern of artificial nest locations or conduct area-restricted foraging (e.g., Vigallon & Marzlu# 2005), which would cause elevated predation rates on some transects. However, if the between-habitat di#erence in predation rates for AMG nests was caused by predator learning, we would expect the same trend to show with ALG nests, which was not the case. Therefore, we believe that our results show that di#erences in nesting habitat and nest appearance a#ect predation risk.
In conclusion this study provides evidence that nesting location influenced predation rates of MG nests. The size and coloration (and placement) of MG nests appear to be adapted to their main breeding habitat (salt flats), whereas the large size and conspicuousness of LG nests suggests that they use a di#erent anti-predator strategy.
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